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Abstract—Single-polarization, single-photodiode-based direct-
detection (DD) transceivers offer advantages for metro networks
due to their simple and low-cost optical hardware structure.
Single-sideband Nyquist-pulse-shaped subcarrier modulation
(SSB Nyquist-SCM) is a promising signal format to achieve high in-
formation spectral density (ISD) in such DD systems. In this paper,
we present theoretical and experimental evaluations of a variety
of direct-detection SSB Nyquist-SCM system designs, operating
at 100 Gb/s per wavelength in wavelength division multiplexing
(WDM) metro network scenarios. Through simulations, several
receiver-based digital linearization techniques to overcome the ef-
fect of signal-signal beat interference were investigated, and their
performance compared with alternative approaches, including op-
tical beat-interference cancellation receivers (BICRx) and coherent
receivers (both heterodyne and homodyne). Subsequently, exper-
imental assessments of the digitally-linearized DD receivers were
carried out. Spectrally efficient (net ISD exceeding 3 b/s/Hz) 4 ×
112 Gb/s WDM DD single-sideband 16-QAM Nyquist-SCM trans-
mission over distances of up to 240 km (multi-span links) and
160 km (single-span links without mid-span amplification) were
shown to be possible using uncompensated standard single-mode
fiber.
Index Terms—Digital linearization, direct detection, Kramers-
Kronig receiver, metro networks, Nyquist-pulse shaped subcar-
rier modulation, receiver-based electronic dispersion compensa-
tion, signal-signal beat interference, spectrally-efficient wavelength
division multiplexing.
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I. INTRODUCTION
M ETRO networks are experiencing unprecedented traf-fic growth. The provision of bandwidth-intensive
high-performance computing, information and entertainment,
supported by cloud services, broadband video and mobile tech-
nologies are creating a rapidly increasing demand for high ca-
pacity optical links. A recent forecast has indicated that metro
traffic volume is growing almost twice as rapidly as the traf-
fic traversing the backbone networks and that, in the near fu-
ture, 75% of the world’s data traffic will be terminated within
metro networks [1]. Although wavelength division multiplexing
(WDM) is commonly used in metro transport networks to pro-
vide significant capacity gains over single-channel systems, it
is expected that, to cope with the ever-increasing traffic growth,
higher data rates (100 Gb/s and above) per WDM channel will
need to be deployed [2].
Due to the cost-sensitive nature of metro networks, it may
be favorable to utilize single-polarization, single-photodetector
direct-detection (DD) transceivers because of the lower com-
plexity and cost of their optical hardware structures in com-
parison to polarization-multiplexing coherent transceivers [3],
[4]. Single-sideband subcarrier modulation (SCM) schemes,
such as orthogonal frequency division multiplexing and single-
subcarrier Nyquist pulse-shaped modulation with high-order
quadrature amplitude modulation (QAM) potentially offer high
information spectral densities. However, the performance of
conventional DD SCM systems is severely degraded because of
the nonlinear effect, introduced by the direct (square-law) detec-
tion in the receiver, referred to as signal-signal beat interference
(SSBI). The signal-signal beating products fall within the signal
bandwidth, and interfere with the wanted signal-carrier beating
products.
Recently, a beating interference cancellation receiver (BI-
CRx) has been proposed, offering superior performance [5],
[6]. However, the complexity of the optical hardware in such
receivers is significantly increased as they require a pair of
photodiodes, an optical splitter and a very narrow optical band-
stop filter (<1 GHz) to suppress the optical carrier in the re-
ceived signal. Alternatively, since the SSBI products fall over a
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bandwidth equal to that of the original subcarrier modulated
signal (Bsc ), a second solution to avoid the SSBI penalty is to
leave a sufficient spectral guard-band (Bgap ≥ Bsc ) between
the optical carrier and the subcarrier modulated signal [7], [8].
However, the drawback of this approach is that it wastes approxi-
mately 50% of the electrical and optical components’ bandwidth
and consequently halves the spectral efficiency. Fortunately, re-
cently demonstrated digital linearization techniques have been
shown to be effective in reducing the SSBI penalties, allowing
the use of narrow or even no spectral guard-band, without requir-
ing a change to the single photodiode-based optical hardware
design [9]–[27].
Key questions concern how the performance of DD sys-
tems compares with coherent systems and whether DD sys-
tems are capable of offering high capacity transmission
(100 Gb/s/λ or more) at high information spectral densities (net
ISD  3 (b/s)/Hz) over WDM metro reaches (up to 300 km).
To address these questions, in this paper we present theoretical
and experimental performance evaluations of 100 Gb/s/λ WDM
metro links utilizing DD transceivers. This paper is an extension
of the work presented in [11], with additional theoretical com-
parisons, and in-depth descriptions of the experiments, includ-
ing the optimization of the carrier-to-signal power ratio. This
paper is organized as follows: Section II introduces the work-
ing principle of the recently proposed single-stage linearization
filter [9], two-stage linearization filter [10] and the Kramers-
Kronig scheme [12] which compensate signal-signal beating
interference in DD receivers. In Section III, we describe a vari-
ety of transceiver architectures, including coherent transceivers
(both homodyne and heterodyne) [28], [29] and direct-detection
transceivers, employing single-sideband (SSB) Nyquist-pulse-
shaped subcarrier modulation (Nyquist-SCM) and a number of
different optical and digital linearization schemes. The Nyquist-
SCM format, described in [30]–[34], is chosen due to its lower
peak-to-average power ratio compared to orthogonal frequency
division multiplexing (OFDM). We present performance com-
parisons between these transceivers through numerical simu-
lations of their back-to-back operation, and demonstrate the
performance/complexity tradeoff achieved with the digitally-
linearized DD transceiver designs. Section IV describes our
experimental setup to assess the performance of spectrally-
efficient (net information spectral density of up to 3.17 (b/s)/Hz)
4 × 112 Gb/s WDM DD SSB 16-QAM Nyquist-SCM sys-
tems with receiver-based electronic dispersion compensation. In
Section V, we report experimental WDM back-to-back and
transmission results, including an assessment of the perfor-
mance of the system over a WDM channel spacing range of
33–50 GHz and in transmission over uncompensated standard
single mode fiber multiple-span links of up to 240 km and
single-span links of up to 160 km.
II. RECEIVER-BASED DIGITAL LINEARIZATION SCHEMES
As mentioned in Section I, the SSBI penalty caused by square-
law photodetection severely degrades the performance of DD
transceivers. In order to avoid the SSBI penalty, and hence si-
multaneously achieve high spectral-efficiency and low optical
Fig. 1. Receiver DSP including single-stage linearization filter and receiver-
based electronic dispersion compensation (Rx-EDC). Demod DSP: conven-
tional demodulation DSP for SSB SCM signal. PD: photodiode, TIA: tran-
simpedance amplifier SF: sideband filter.
Fig. 2. Receiver DSP using the two-stage linearization filter and Rx-EDC.
Demod DSP: conventional demodulation DSP for SSB SCM signal. PD: pho-
todiode, TIA: transimpedance amplifier SF: sideband filter.
Fig. 3. Receiver DSP using the Kramers-Kronig scheme and Rx-EDC. Demod
DSP: conventional demodulation DSP for SSB SCM signal.
hardware complexity, DSP-based linearization techniques,
which allow the use of a narrow (or zero) spectral guardband
have been proposed and demonstrated. Among the recently
demonstrated digital linearization approaches, due to their ad-
vantages of either DSP algorithm simplicity or performance
superiority, three digital linearization techniques are considered
in this paper: a single-stage linearization filter, a two-stage lin-
earization filter and the Kramers-Kronig scheme. The receiver
DSP designs of these approaches are shown in Figs. 1–3.
The receiver-based digital single-stage and two-stage lin-
earization filters, shown in Figs. 1 and 2, treat the SSBI terms
as a perturbation to the signal. The compensation works by
calculating these terms and subtracting them from the detected
signal. Unlike the SSBI estimation and cancellation schemes
[20], [22], [23], [26], since the calculation of the SSBI terms is
carried out directly from the detected signal rather than from a
reconstruction of it based on symbol decisions, the linearization
filters offer significantly reduced DSP complexity, and avoid the
need for accurate symbol decision making when reconstructing
the beating terms. In the single-stage linearization filter (see
Fig. 1) [9], a digital SSB signal is first obtained from the de-
tected electrical signal (which is double sideband following the
square law detection of the optical SSB signal) using a sideband
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Fig. 4. Schematic diagrams of different 100 G receiver architectures. (a) Coherent homodyne, (b) coherent heterodyne, (c) beating interference cancellation
receiver (BICRx), (d) DD with guard-band and (e) DD without guard-band and with digital linearization technique. OBPF: optical band-pass filter. PC: polarization
controller. LO: local oscillator. CSF: carrier suppression filter. PD: photodiode. TIA: transimpedance amplifier. ADC: analogue-to-digital converter. Demod DSP:
conventional demodulation DSP for baseband (coherent homodyne system) signal or SSB SCM signal (coherent heterodyne and DD systems).
filter (SF). The waveform of the SSBI terms are calculated and
then subtracted from the filtered SSB signal. It can be seen that
the single-stage linearization filter has very low DSP complex-
ity, but it suffers from the problem of introducing additional
unwanted beating interference by the linearization filter itself,
as the calculation of the SSBI terms is based on the received
distorted signal. This problem can be solved, to a large extent,
by adding an extra linearization stage to compensate the ma-
jority of the beating interference introduced by the single-stage
linearization filter. This latter technique, depicted in Fig. 2, is
termed the two-stage linearization filter [10], [11]. The two-
stage linearization offers improved performance compared to
the single-stage linearization filter. At the same time, in compar-
ison to the iterative linearization filter proposed in [21] and [32]
(which is an alternative method to improve the performance of
the single-stage linearization filter), the two-stage linearization
technique achieves similar performance and avoids the need
for multiple iterations, leading to a comparatively low DSP
complexity.
Instead of treating SSBI terms as a perturbation to be re-
moved, an alternative technique, the recently proposed and
demonstrated Kramers-Kronig (KK) receiver, accurately recon-
structs the optical phase of the transmitted SSB signal from its
detected intensity [12]–[19], therefore recovering the waveform
of the optical SSB signal. The receiver DSP is shown in Fig. 3.
Provided the transmitted signal fulfils the minimum phase con-
dition (achieved by the optical carrier having an amplitude larger
than that of the signal in the sideband), and making the assump-
tion that the optical signal is an ideal single-sideband one, the
phase of the transmitted SSB signal is linked to its amplitude
through the Kramers-Kronig relation [35]. Details of the KK al-
gorithm are given in [12] and [14]. In the KK algorithm, due to
the high bandwidth of the signals resulting from the square-root
and logarithm operations, it is necessary for the DSP to oper-
ate at a relatively high oversampling rate. Our latest work [15]
has shown that successful operation of the KK scheme can be
achieved at 4 Sa/symbol, with optimum performance requiring
6 Sa/symbol.
From the above discussion, it can be seen that two key con-
ditions need to be fulfilled to achieve optimum performance of
the KK scheme: firstly, the transmitted SSB signal should have
a sufficiently high power optical carrier, i.e., a sufficiently high
carrier-to-signal power ratio (CSPR), to ensure minimum phase
signaling, and, secondly, digital upsampling to deal with the
bandwidth broadening effect within the KK algorithm must be
implemented.
III. PERFORMANCE ASSESSMENT OF DIFFERENT 100 G
TRANSCEIVER STRUCTURES
This section presents theoretical performance comparisons
of a variety of coherent and direct-detection system designs
based on simulations of ideal transceivers operating at a gross
bit rate of 112 Gb/s/λ. Fig. 4 shows schematic diagrams of the
different receiver architectures being considered. The coherent
receivers considered include conventional homodyne and het-
erodyne structures [28], [29] [see Fig. 4(a) and (b)], while the
direct-detection receiver structures include the beating interfer-
ence cancellation receiver [see Fig. 4(c)] [5], [6], and single-
photodiode-based systems, firstly with a spectral guard-band
sufficiently large to avoid SSBI [7], [8] [see Fig. 4(d)], and sec-
ondly with digital linearization without a spectral guard-band
[see Fig. 4(e)] [9], [10], [12].
Practical limitations such as digital-to-analogue converter
(DAC) and analogue-to-digital converter (ADC) quantization
noise, non-negligible laser linewidths and low-pass filtering ef-
fects due to bandwidth limitations of the electrical components
were neglected. Shot and thermal noise in the receivers were
neglected, due to the assumption that optical amplified spon-
taneous emission (ASE) noise dominates. Optical band-pass
filters with rectangular-shaped passbands were used to model
the wavelength demultiplexer/ASE noise suppression filter, and
the carrier suppression filter (CSF), used in the BICRx to com-
pletely remove the optical carrier, had a 1 MHz 3-dB bandwidth.
The modulation format being used in all cases was a 28 Gbaud
(112 Gb/s) 16-QAM Nyquist signal. For the coherent systems,
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Fig. 5. Theoretical BER versus OSNR with different coherent and DD
transceiver architectures.
an LO power 25 dB higher than the received signal power was
used, with the LO centered on the signal in the case of the homo-
dyne coherent receiver, and spaced 14.28 GHz away from the
center of the signal in the case of heterodyne reception. The sig-
nal and LO polarizations were assumed to be perfectly aligned.
The digitally-linearized DD SSB 16-QAM Nyquist-SCM re-
ceivers were 0.51 × cycle (optical carrier spaced by 14.28 GHz
from the center of the QAM signal), while the DD system with
the spectral guardband operated at 1.5 × cycle, hence avoid-
ing any SSBI. In all cases, the 16QAM Nyquist signals were
generated using root-raised cosine (RRC) filters with a roll-off
parameter of 0.01. The digital receiver linearization techniques
tested were the single- and two-stage linearization filters and the
KK scheme described in the previous section. Note that a sam-
pling rate of 6 Sa/symbol was utilized in the DSP carrying out
the Kramers-Kronig algorithm, to achieve the best possible per-
formance. The back-to-back system performance was evaluated
by amplified spontaneous emission (ASE) noise loading and the
bit error ratio (BER) as a function of optical signal-to-noise ratio
(OSNR) is plotted in Fig. 5 for all the schemes. The numerator
of the OSNR is the signal power (including both the sideband
and the optical carrier power), and the denominator is the in-
tegral of the ASE noise power spectral density over the res-
olution bandwidth (0.1 nm). Note that, in the case of the
direct-detection systems, since an optical carrier is added
at the transmitter to enable the 16QAM signals to be re-
covered through carrier-signal beating, it is necessary to
optimize the optical carrier-to-signal power ratio at each
OSNR level to achieve the best performance. CSPR opti-
mization here (and throughout the paper) was performed with
the aim of minimizing the BER. (Note that the coherent
results shown in this figure are for a single-polarization
112 Gb/s coherent transceiver. For a polarization-multiplexed
112 Gb/s (2 × 56 Gb/s) coherent transceiver, the information
spectral density would be doubled at the same OSNR). Af-
ter signal demodulation, hard decision forward error correction
(HD-FEC) was assumed (due to its lower complexity and power
consumption than soft decision FEC). Based on the specifica-
tions of the practical receiver design described in [36], we as-
sume in this paper a BER threshold of 3.8 × 10−3 with a 7%
overhead.
It can be seen that, between the homodyne coherent sys-
tem and the DD system without guard-band and without SSBI
compensation, there is a 15.7 dB difference (from 15.3 dB to
31.0 dB) in the required OSNR at the HD-FEC threshold. For the
single-photodiode direct-detection receiver, the required OSNR
is reduced to 25.6 dB (a 5.4 dB improvement) or 23.3 dB (a
gain of 7.7 dB) by applying a single-stage linearization filter or
a two-stage linearization filter, respectively. Moreover, by uti-
lizing the KK scheme, the required OSNR is reduced further,
to 21.5 dB (a 9.5 dB reduction), which is only 0.8 dB higher
than that for the case of DD with sufficient spectral guard-band
(1.5× cycle SCM). Finally, with the use of the optical method to
mitigate the SSBI (the BICRx), the required OSNR was found
to be 19.1 dB, which is 0.9 dB higher than that with heterodyne
coherent detection. This can be explained by the presence of
the optical carrier with the BICRx, which is not needed in the
case of coherent detection. The optical carrier-to-signal power
ratio was swept, and the optimum value, for the BICRx, was
found to be –6 dB at all values of OSNR. It can be observed that
the performance difference between the coherent and DD sys-
tems is significantly reduced through the use of effective digital
or optical receiver linearization. However, although the direct-
detection system with BICRx enables reception at an OSNR
only 3.8 dB higher than with the coherent homodyne system,
the optical hardware complexity is significantly higher than that
of the other direct-detection approaches due to the requirement
of a pair of photodetectors, an optical splitter and the very narrow
optical carrier suppression filter. The DD system with a spec-
tral guard-band offers slightly poorer performance compared to
the BICRx scheme, but is wasteful of spectrum. The digitally-
linearized receivers, on the other hand, offer a good compromise
between spectral efficiency, complexity and performance. The
difference in required OSNR between the heterodyne coherent
receiver and the DD receiver employing the digital KK scheme
without guard-band is only 3.3 dB.
Since the optimization of CSPR is crucial for the performance
of SSB SCM DD systems, further analysis of CSPR optimiza-
tion and its impact on system performance was carried out by
calculating optimum CSPR versus OSNR, and required OSNR
(at BER = 3.8 × 10−3) versus CSPR, both plotted in Fig 6.
For the DD system without guard-band or linearization, it can
be seen from Fig. 6(a) that the optimum CSPR value increases
with the OSNR; every 2 dB increase in OSNR corresponds
to an increase by approximately 1 dB in the optimum CSPR
value. The optimum CSPR increases from 7 dB to 16 dB over
the OSNR range 18 dB to 36 dB. The increase in the optimum
CSPR with increasing OSNR value can be explained as follows:
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Fig. 6. (a) Theoretical optimum CSPR versus OSNR with different DD transceiver architectures. (b) Theoretical required OSNR (assuming BER = 3.8 ×
10−3 ) versus CSPR with different DD transceiver architectures.
the linear distortion due to SSBI is high at low CSPR values.
However, since ASE noise dominates when the OSNR is low,
SSBI is less critical and the optimum CSPR is low. As the OSNR
increases, the impact of ASE noise reduces in comparison to that
of SSBI, resulting in increasing optimum CSPR. Moreover, at
a given value of OSNR, the optimum CSPR value is reduced
by 2 dB to obtain the maximum compensation gain with the
single-stage linearization filter and by 3 dB with the two-stage
linearization filter, compared to the case without linearization.
For the KK receiver, the optimum CSPR value is reduced by
5 dB over the OSNR range 20 dB to 36 dB, below which it
is constant at the value of 3 dB, due to the requirement for
minimum phase signaling. In the case of the single-photodiode
DD system with spectral guard-band, the optimum CSPR re-
mains at 0 dB for all the OSNR levels, which matches with
the finding in [37]. The sensitivity of the system performance
to CSPR, and the reductions in optimum CSPR achieved by
implementing different SSBI compensation schemes are further
presented in Fig. 6(b). Since the linearization DSP significantly
reduces the impact of SSBI, the optimum CSPR value is sig-
nificantly reduced in these cases. Due to its enhanced effec-
tiveness in suppressing SSBI, the two-stage linearization filter
provides greater reduction in the optimum CSPR compared with
the single-stage linearization filter. The KK scheme achieves the
biggest reduction in the optimum CSPR, though its performance
is dramatically degraded at CSPR values below the optimum
level (<4 dB) due to the minimum phase condition not being
met.
IV. EXPERIMENTAL SETUP
In order to assess the performance of DD transceivers with
the three digital linearization approaches described in the previ-
ous sections, transmission experiments were carried out using
the setup shown in Fig. 7. The optical transmission test-bed
consisted of a 4× 112 Gb/s SSB 16-QAM Nyquist-SCM trans-
mitter, a straight-line standard single-mode fiber (SSMF) link
and an optical bandpass filter (OBPF) followed by a single
photodiode-based direct-detection receiver to select and recover
the channel of interest.
At the transmitter, two high-speed arbitrary-waveform gen-
erators (Keysight M8196A AWG) operating at a sampling rate
of 92 GSa/s and with 33 GHz 3-dB bandwidth were used to
drive each IQ-modulator. The I- and Q- components of the
SSB 16-QAM Nyquist-SCM signals were generated offline
using MATLAB, and uploaded to the AWGs to serve as the
IQ-modulators’ driving signals. The modulation DSP gener-
ating the SSB Nyquist-SCM signal is described in detail in
[23]. Four 215 de Bruijn binary sequences were encoded onto a
16-QAM signal at 112 Gb/s (a symbol rate (fs) of 28 GBd).
A pair of root-raised cosine (RRC) filters with a roll-off fac-
tor (β) of 0.01 were utilized to carry out Nyquist pulse shap-
ing on the I- and Q- components of the signal. The filtered
components were up-converted to a subcarrier frequency of
14.28 GHz (fsc = 0.51 · fs) and added to each other to obtain a
DSB Nyquist-SCM signal. The subcarrier frequency and β were
selected such that the spectral guard-band between the signal
and the optical carrier was negligible. Following this, the lower
frequency sideband was removed using a digital Hilbert trans-
form sideband filter to generate a SSB 16-QAM Nyquist-SCM
signal.
Four external cavity lasers (ECLs) operating at wavelengths
around 1550 nm with 100 kHz linewidth were utilized as
the transmitter optical sources. After passing through two IQ-
modulators which were biased to achieve the desired optical
carrier power, the modulated odd and even channels were mul-
tiplexed to generate the 4 × 112 Gb/s WDM signal. By wave-
length tuning the transmitter lasers, the WDM channel spacing
was varied and the system performance was tested at three dif-
ferent values: 50, 37.5 and 35 GHz, corresponding to gross
optical ISDs of 2.2, 3.0 and 3.2 (b/s)/Hz, respectively. The in-
sets (I–III) of Fig. 7 show the optical WDM spectra, measured
with an optical spectrum analyzer (OSA) at a resolution of
0.01 nm. Since the optimization of the CSPR is crucial to achieve
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Fig. 7. Experimental test-bed for 4 × 112 Gb/s WDM DD SSB 16-QAM Nyquist-SCM transmission with (a) multiple-span and (b) extended-reach single-span
transmission link structures. Insets: WDM signal spectra with (I) 50 GHz, (II) 37.5 GHz and (III) 35 GHz channel spacing; (IV) detected digital signal spectrum.
the optimum performance in DD systems, as discussed in the
previous sections, in the experiment, the optical carrier was ob-
tained by biasing the IQ-modulators above the null point and
the biases were adjusted to obtain the desired CSPR. The am-
plitude of the time-varying component of the drive signals was
set sufficiently low to avoid significant penalty due to modulator
nonlinearity.
Two transmission scenarios were assessed: firstly, straight-
line multiple span fiber links, consisting of 80 km SSMF
spans with inline erbium-doped fiber amplifiers (EDFAs), and,
secondly, single-span fiber links with reaches of 120 km
and 160 km, without mid-span amplification, and with an
EDFA at the receiver. The noise figure of all EDFAs was
5 dB.
At the receiver, an OBPF (Yenista Optics XTM50-Ultrafine)
with an adjustable bandwidth was used to demultiplex the chan-
nel of interest and remove the out-of-band ASE noise. The
3-dB bandwidth of the filter was set to 32 GHz for optimum
system performance. The filtered signal was then detected us-
ing a single PIN photodiode, pre-amplified and digitized by a
single ADC (Agilent DSA-X 96204Q) operating at 80 GSa/s.
The received digital spectrum is plotted in the inset (IV) of
Fig. 7. In the receiver DSP, following normalization and DC off-
set removal, the aforementioned linearization techniques were
applied. Since effective linearization offers the possibility of
performing digital compensation of linear optical effects at the
receiver with near ideal performance [14], receiver-based elec-
tronic dispersion compensation (Rx-EDC) [38], was utilized to
compensate the accumulated chromatic dispersion of the link.
In contrast to transmitter-based EDC, the utilization of Rx-EDC
simplifies the system operation since knowledge of link disper-
sion is not required at the transmitter. As described in [14], the
difference in performance between Tx- and Rx-EDC depends
on the effectiveness of the linearization scheme that is used.
They can achieve similar performance if the beating interfer-
ence is effectively suppressed. In the demodulation DSP (DE-
MOD DSP), frequency down-conversion and matched filtering
with a RRC filter (β = 0.01) were applied. A 5-tap single-input-
single-output filter, whose taps weights were updated using the
least-mean square algorithm, was used for symbol re-timing. For
fast convergence, initially, the cost function was set to a constant
modulus. After convergence, the cost function was switched to
decision-directed mode to recover the symbols. Finally, the sig-
nal was demodulated and the BER and error-vector-magnitude
(EVM) [39] were calculated, the former by error counting over
218 bits (corresponding to two repetitions of the de Bruijn se-
quences). For BER values between 10−4 and 10−5 , ten indi-
vidual waveforms were captured and BER obtained from error
counting, to ensure a sufficiently high confidence level.
V. EXPERIMENTAL RESULTS
Both the optical back-to-back and WDM transmission evalu-
ations were carried out with the experimental test-bed described
in Section IV. System performance with a range of WDM chan-
nel spacing values, transmitting over the different link structures
is presented in this section.
A. WDM Back-to-Back Performance Evaluation
Initially, the optical back-to-back performance was evaluated
by performing ASE-noise loading at the receiver, with the ex-
perimental results plotted in Figs. 8 and 9.
To determine the minimum WDM channel spacing to achieve
the highest possible ISD, initially, the channel spacing was var-
ied from 33 to 50 GHz and the required OSNR at the HD-FEC
BER threshold of 3.8 × 10−3 was monitored without using
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Fig. 8. (a) Required OSNR at BER = 3.8 × 10−3 versus WDM channel spacing without digital linearization. (b) BER versus OSNR at 35 GHz WDM channel
spacing without and with different digital linearization schemes. Insets: Back-to-back received constellation diagrams at the OSNR of 31 dB, (I) without (20.4%),
and with (II) single-stage linearization filter (14.7%), (III) two-stage linearization filter (12.9%), and (IV) KK scheme (9.7%).
Fig. 9. (a) BER versus CSPR at 35 GHz WDM channel spacing without and
with different digital linearization schemes at OSNR = 31 dB. Insets: back-to-
back received constellation diagrams at (I) 2 dB (19.9%), (II) 5 dB (10.4%),
(III) 8 dB (9.7%), and (IV) 14 dB (16.4%) CSPR with the KK scheme.
SSBI compensation [see Fig. 8(a)]. In order to maintain the
linear crosstalk penalty caused by neighbouring channel at less
than 1 dB, the minimum WDM channel spacing was found to
be 35 GHz, yielding a gross ISD of 3.2 (b/s)/Hz. At a channel
spacing of 35 GHz, BER versus OSNR for the cases without
and with the different digital linearization techniques described
in Section II, namely single-stage and two-stage linearization
filters, and the KK scheme, is plotted in Fig. 8(b). The optimum
performance was achieved by sweeping the CSPR from 2 dB to
16 dB and setting it to the optimum value for each OSNR level.
It can be seen that the required OSNR at the HD-FEC threshold
was 33.5 dB without linearization, reducing to 28.1 dB (a 5.4 dB
improvement) by applying the single-stage linearization filter,
and further reducing to 25.9 dB (a reduction of 7.6 dB) with
the two-stage linearization filter. By utilizing the KK scheme
(operating at 6 Sa/symbol), the required OSNR was reduced
by 9.7 dB to 23.8 dB, showing that the KK scheme provides
the best performance of all the techniques being compared. The
difference in required OSNR values between the experiment
(23.8 dB) and the simulated ideal system (21.5 dB), as presented
in the previous section, is due to a number of factors: (i) the elec-
trical noise introduced by the transceiver, including DAC and
ADC quantization noise, (ii) the low-pass filtering and nonlinear
characteristics of the electrical and optoelectronic components
used in the experiment and (iii) the linear crosstalk from the adja-
cent 35 GHz-spaced channels (which contributed approximately
1 dB to the required OSNR). To observe the effectiveness of the
compensation using these linearization approaches, the received
signal constellations at an OSNR of 31 dB are presented in the
insets of Fig. 8, with the corresponding EVMs listed in the
caption.
The measured BER versus CSPR at 31 dB OSNR is plotted
in Fig. 9, showing the sensitivity of the systems to the applied
CSPR. Due to their increasing effectiveness in suppressing the
SSBI, the optimum CSPR value was found to be reduced by
approximately 2 dB, 3 dB and 5 dB using the single-stage,
two-stage linearization filters and the KK scheme respectively,
compared to the case without linearization. This finding matches
well with the simulation results in Section III (see Fig. 6). The
performance of the KK scheme operating at different CSPR
values can also be assessed from the received signal constel-
lations at this OSNR level, shown in Fig. 9. At lower CSPRs,
since the minimum phase condition is not met, the KK scheme’s
performance is dramatically degraded.
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Fig. 10. (a) BER versus optical launch power per channel without linearization at different WDM channel spacing over 80 km WDM transmission. (b) BER
versus transmission at 35 GHz WDM channel spacing without and with different digital linearization schemes. Insets: received constellation diagrams over 240 km
WDM transmission, (I) without (23.4%), and with (II) single-stage linearization filter (19.0%), (III) two-stage linearization filter (16.0%), and (IV) the KK scheme
(13.1%).
B. WDM Transmission Performance Evaluation
Following the optical back-to-back measurements, the system
performance was assessed in experimental WDM transmission
over both the multiple span and the extended single span fiber
links.
1) Transmission With Multiple Span Fiber Links: In the
transmission experiments with the multiple span links, the
performance with different values of WDM channel spacing
(50 GHz, 37.5 GHz and 35 GHz) over 80 km transmission was
first investigated by measuring BER versus optical launch power
per channel [see Fig. 10(a)]. It can be seen that the reduction
in channel spacing not only increases the linear neighbouring
channel crosstalk, but also increases the distortion due to fiber
nonlinearity. Thus, a reduction in the optimum launch power
by 2 dB was observed when reducing the channel spacing from
50 to 35 GHz. The BER (at the optimum launch power and
CSPR) versus transmission distance over distances from 80 km
to 240 km without and with digital linearization is plotted for
the case of 35 GHz channel spacing in Fig. 10(b). It can be
observed that the WDM transmission performance was signifi-
cantly improved at all distances, with the BER at 240 km being
decreased from 2.9 × 10−2 to 9.0 × 10−3 using the single-
stage linearization filter, and further reducing to 2.1 × 10−3
and 5.5 × 10−4 with two-stage linearization filter and the KK
scheme, respectively. The reach was enhanced by more than
200% (from less than 80 km to more than 240 km) by using
either the two-stage linearization filter or the KK scheme. The
corresponding received signal constellations at 240 km are pre-
sented in the insets, with the associated EVM values listed in the
caption.
The performance of all four WDM channels at 35 GHz
WDM channel spacing at a distance of 240 km (3 spans) is
shown in Fig. 11. The average BER for all the channels was de-
creased from 2.7 × 10−2 without linearization, to 1.9 × 10−3
and 5.2 × 10−4 using the two-stage linearization filter and the
KK scheme, respectively. Assuming the standard 7% HD-FEC
overhead, the net ISD was 2.99 (b/s)/Hz. Considering the theo-
retical hard-decision decoding bound for the binary symmetric
Fig. 11. BER for each received WDM channel at 35 GHz WDM channel
spacing without and with different digital linearization schemes over 240 km
WDM transmission.
channel [40] at the BER (pb ) of 5.2 × 10−4 , with the maximum
code rate (r) given by:
r = 1 + pb · log2pb + (1− pb) · log2 (1− pb) (1)
the value of r is 0.993, hence the theoretical upper bounds on
the net bit rate per channel and net optical ISD are 111.3 Gb/s,
and 3.18 (b/s)/Hz respectively.
2) Transmission With Extended-Reach Single-Span
Fiber Links
The WDM transmission performance was next investigated
for extended-reach fiber links without mid-span amplifica-
tion, with 35 GHz WDM channel spacing. The BER ver-
sus optical launch power per channel in the 120 km and
160 km extended-reach single-span transmission scenarios are
plotted in Fig. 12. Extending the length of a single span signifi-
cantly reduces the OSNR at the receiver, and it can be observed
that the minimum BERs at the optimum launch power per chan-
nel for 120 km transmission were higher, at 1.6 × 10−3 and
6.1 × 10−4 using the two-stage linearization filter and the KK
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Fig. 12. BER versus optical launch power per channel at 35 GHz WDM
channel spacing with different digital linearization schemes over extended reach
single span fiber transmission of 120 and 160 km.
Fig. 13. BER for each received WDM channel at 35 GHz WDM channel
spacing without and with different digital linearization schemes over extended
reach single span fiber transmission of 160 km.
scheme respectively. After transmission over 160 km, the min-
imum BERs were 1.3 × 10−2 and 5.4 × 10−3 after applying
these two schemes. Moreover, the optimum launch powers per
channel were increased to 4.5 dB·m and 6.5 dB·m for 120 km
and 160 km, respectively. Finally, the transmission performance
of all four WDM channels over the 160 km extended-reach
single-span link was measured, and is plotted in Fig. 13. Using
the KK scheme, the average BER across all the WDM channels
was 5.0 × 10−3 . The highest net optical ISD achievable in this
case, assuming the theoretical hard-decision decoding bound for
the binary symmetric channel, given by Eq. (1), was found to
be 3.05 (b/s)/Hz.
These experimental results indicate that DD transceivers are
capable of supporting high capacity (112 Gb/s/λ) and spectrally-
efficient (net optical ISD above 3 (b/s)/Hz) wavelength division
multiplexed transmission over the range of distances typically
found in metropolitan area networks.
VI. CONCLUSIONS
We reported theoretical and experimental assessments of
single-polarization direct-detection (DD) transceiver designs,
using digital and optical linearization techniques, for 100
Gb/s/λ spectrally-efficient WDM metro networking. Initially,
different coherent and DD transceiver structures were com-
pared, based on simulations of ideal systems. The beating
interference cancellation receiver (BICRx) was found to offer
the best performance of the direct detection systems, but this is
achieved at the expense of higher optical hardware complexity
in the receiver. Digital linearization offers a good compromise
between performance and complexity. The simulation results
indicate that the Kramers-Kronig receiver has a required OSNR
at the HD-FEC threshold (BER = 3.8 × 10−3) only 3.3
dB higher than that of the heterodyne coherent receiver. The
difference in required OSNR between KK DD receiver and
coherent heterodyne arises from the requirement for an optical
carrier in the DD scheme, the power of which is included in
the OSNR calculation. Following the simulation-based study,
the performance of single photodiode-based DD systems
was experimentally investigated using a 4 × 112 Gb/s WDM
single-sideband (SSB) 16-QAM 0.51-cycle Nyquist subcarrier
modulation (Nyquist-SCM) system, applying a variety of digital
linearization schemes (single- and two-stage linearization filters
and the Kramers-Kronig scheme), a range of WDM channel
spacing values (from 35 to 50 GHz) and different transmission
link structures (straight-line multiple-span links of up to 240
km and extended reach single-span links of up to 160 km,
all using uncompensated standard SMF). The experimental
results showed that digital linearization enables 35 GHz-spaced
112 Gb/s-per-channel single-polarization, single-photodetector
direct-detection transmission at net optical ISDs exceeding
3 (b/s)/Hz over all these links. This technology can provide
a potential solution for high capacity and spectrally-efficient
WDM (100 Gb/s/λ and beyond) links for future metro networks.
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